Introduction
The first episode of psychosis is usually preceded by a prodromal phase that is characterized by subtle psychopathological signs and symptoms. Common features are attenuated psychotic symptoms (ideas of reference, magical thinking, perceptual disturbance, paranoid ideation, and odd thinking and speech) or brief limited intermittent psychotic symptoms too short in duration to meet Diagnostic and Statistical Manual of Mental Disorders criteria for psychosis. 1 Subjects presenting with these symptoms show an ''at-risk mental state, ARMS,'' which is associated with an increased risk of developing a psychotic disorder within the following months. 2 Studying the prodromal phase provides a means of determining the pathophysiological processes underlying vulnerability to psychosis and leading to the development of schizophrenia and may ultimately inform preventive interventions. 3 A growing number of neuropsychological studies have taken to studying the ARMS, largely reporting cognitive impairments that are qualitatively similar although less severe to those seen in schizophrenia. [4] [5] [6] [7] Several impaired cognitive domains characterize the ARMS, 5, [8] [9] [10] but abnormalities in executive functions and working memory are among the most remarkable. 5, 9 Functional neuroimaging techniques allow us to further explore the neurophysiological correlates of the cognitive impairment during the prodromal phase. Previous reviews have indicated abnormalities in the prefrontal and temporal lobes during executive and working memory tasks in subjects at risk for psychosis. 6, 11 These findings were not attributable to effects of the illness or its treatment and may represent markers of increased vulnerability to psychotic disorders. However, it is still unclear what pathophysiological process underlies the transition from an ARMS to frank psychosis over time and whether this can be detected prior to illness onset. 11 As the ARMS is a dynamic condition that may or may not transit to a fullblown psychotic episode, observable neurofunctional changes over time may be an important metric with regard to the later onset of psychosis. To date, only a structural longitudinal imaging study has explored transient brain abnormalities in subjects at clinical risk for psychosis. In the first longitudinal study of ARMS subjects, 21 of the 75 ARMS individuals who had a baseline magnetic resonance imaging (MRI) scan were followed up with a second MRI scan, either immediately after psychosis or after 12 months. 12 At the time of the second scan, individuals who had developed psychosis showed a reduction in gray matter in the left parahippocampal, fusiform, orbitofrontal, and cerebellar cortices and the cingulate gyri. In those who had not become psychotic, longitudinal changes were restricted to the cerebellum. 12 A subsequent study using data from the same subjects demonstrated an accelerated rate of gray matter retraction in prepsychotic ARMS individuals during the transition to psychosis. 13 Although these studies were the first to explore the structural brain changes over time in the prodromal phases of psychosis, to the best of our knowledge, no longitudinal functional imaging data in such populations are available. Similarly, it is not clear how structural or functional alterations may be related to the ''at-risk'' symptoms in such population. The identification of the neurobiological correlates of prepsychotic symptoms and their assessment over time is of fundamental relevance to improve the diagnostic process and to develop preventive strategies. 6, 14 We employed functional magnetic resonance imaging (fMRI) in a cohort of help-seeking subjects at high risk of psychosis and in sociodemographically matched controls. The high-risk group was scanned at clinical presentation and again after 1 year while performing a verbal fluency task. On the basis of previous evidence, 6 we predicted that at baseline, ARMS subjects would show altered prefrontal activation relative to controls. On the basis of previous studies indicating that prefrontal response during verbal fluency is associated with psychotic symptoms 15, 16 and on the basis of longitudinal dynamic changes in brain structure 12, 13, 17 and in prodromal symptoms, 18, 19 we explored the relationship between neurofunctional response and psychopathology over time. We thus tested the hypothesis that over the subsequent follow-up period, baseline alterations in prefrontal function would change longitudinally in parallel with changes in the clinical status of the ARMS group.
Materials and Methods

Subjects
ARMS Group. Individuals meeting Personal Assessment and Crisis Evaluation Clinic (PACE) criteria for the ARMS 20 (n = 15) were recruited from the OASIS team (Outreach and Support in South London). 21 The diagnosis was based on assessment by 2 experienced clinicians using the Comprehensive Assessment for the ARMS (CAARMS 1 ) and a consensus meeting with the clinical team. An individual met PACE criteria for the ARMS if he displayed one or more of the following: ''attenuated'' positive symptoms, frank psychotic symptoms that last less than 1 week and resolve without treatment, a recent decline in function coupled with either schizotypal personality disorder or a first-degree relative with psychosis. The subjects recruited were antipsychotic naive and were representative of the local population of people presenting with an ARMS in terms of age, gender, ethnicity, and duration and intensity of symptoms. 21 They underwent a baseline scanning and a second scan after 1 year.
Controls. Healthy volunteers (n = 15) were recruited via advertisements in the local media. All subjects lived in the same borough of London as the clinical subjects (Lambeth), were native speakers of English, and were right-handed.
Clinical Measures
Subjects were excluded if there was a history of neurological disorder or they met Diagnostic and Statistical Manual of Mental Disorders (Fourth Edition) criteria for a substance misuse disorder. Estimated IQ was assessed by using the National Adult Reading Test. 22 Severity of symptoms in the clinical groups was assessed at the time of scanning using the following instruments: the Positive and Negative Symptom Scale (PANSS) 23 and the CAARMS. 1 Handedness was evaluated with the Lateral Preferences Inventory, 24 while daily consumption of cups of coffee/tea was assessed during the clinical assessment. Planned independent t tests were used to compare differences in sociodemographic characteristics between ARMS and controls and between the 2 scans (baseline-follow-up).
fMRI Scanning Image Acquisition. Images were acquired on a 1.5-T Signa (GE) system at the Maudsley Hospital, London. T 2 *-weighted images were acquired with a repetition time (TR) of 2 seconds, 38 3 3 mm slices, with a 0.3-mm gap in 14 axial planes. A gradient echo sequence (TR = 4000 ms, echo time [TE] = 40 ms) was used with the acquisition of each volume compressed into the first 1250 milliseconds of the TR, creating a 2750-millisecond window in which subjects could articulate a response in the absence of scanner noise. 25 To facilitate anatomical localization of activation, a high-resolution inversion recovery image dataset was also acquired, with 3-mm contiguous slices and an in-plane resolution of 3 mm (TR = 1600ms, inversion time [TI] = 180 ms, TE = 80 ms).
Overt Verbal Fluency Task Subjects were required to overtly articulate a word beginning with a visually presented letter. The stimuli, each subtending an angle of 5°, were presented visually on a black screen, viewed through a mirror. Cognitive load was modulated with 2 levels of task difficulty: ''easy'' and ''hard'' conditions that involved letters that differed with respect to the ease with which volunteers can usually generate words beginning with them. The easy condition involved the letters L, T, C, P, and S and the hard condition, O, N, E, F, and G. 25 Incorrect responses were defined as words that were proper names, repetitions or grammatical variations of the previous word, and ''pass'' responses. Letters were presented in 28-second (s) blocks of 7 stimuli at 4-second intervals. The control condition of word repetition comprised 28-second blocks of 7 presentations of the word ''rest'' at 4-second intervals, which subjects were required to read aloud. Five blocks of each condition (hard/easy/ repetition) were presented in random order. Verbal responses were recorded via an MRI-compatible microphone on Cool Edit 2000 (Syntrillium Software Corporation, www.syntrillium.com). To ensure that subjects heard their responses clearly, their speech was transmitted by an MRI-compatible microphone, amplified by a computer sound card, and relayed back through an acoustic MRI sound system (Ward Ray, Hampton Court, UK) and noise-insulated stereo headphones at a volume of 91 6 2 dB.
Image Processing and Analysis. Functional MRI data were analyzed with Statistical Parametric Mapping software (SPM5; Wellcome Department of Cognitive Neurology, London, UK) running under the MATLAB7.1 environment. All volumes were realigned to the first volume, corrected for motion artifacts, mean adjusted by proportional scaling, normalized into standard stereotactic space (template provided by the Montreal Neurological Institute), and smoothed using a 6mm full-width-at-half-maximum Gaussian kernel. The time series were high pass filtered to eliminate low-frequency components (filter width = 128 s) and adjusted for systematic differences across trials. The onset times (in seconds) for each trial convolved with a canonical hemodynamic response function. For the verbal fluency paradigm, each task condition (easy, hard) was then contrasted against the baseline condition (repeating the word rest). To test our hypothesis that there were between-group differences, the activation for each task condition was then compared between the groups (controls and ARMS), using an analysis of variance betweensubjects test. Whole-brain voxel-wise threshold was set at P < .05 family-wise-error-rate (FWE) corrected. Small volumes correction (sphere of 12-mm radius) was used for clusters observed in hypothesized regions of interest (prefrontal cortex). To explore the longitudinal changes in brain function, pairwise t tests between the 2 scans were employed. To investigate the relation between blood oxygen level-dependent (BOLD) response and functional outcomes, cluster average beta values were extracted for the region of between-group differences by using the MarsBar option available in SPM5. These were correlated with the clinical longitudinal outcomes assessed using the changes (baseline-follow-up) in score on the CAARMS and PANSS. All correlational analyses are reported at a threshold of P < .05 and were corrected for multiple comparisons using the Bonferroni test. Cook d test was used to assess of the extent to which any correlations reflected the influence of outliers.
Results
Clinical and Demographic Characteristics of the Sample
There were no significant differences between the ARMS and control groups with respect to age (control: mean = 25.18 y, SD = 5.07, ARMS: mean = 24.36 y, SD = 4.48; F = 0.026, P = .873), IQ (control: mean = 102.6, SD = 9.2; ARMS: mean = 101.7, SD = 12.3; F = 1.733, P = .204), or gender (ARMS females: n = 7; control females: n = 6; v 2 = 1.502, P = .220). All controls and ARMS subjects were right handed. The PANSS and CAARMS general scores and the Global Assessment of Functioning (GAF) scores at baseline and follow-up are shown in table 1. After 1 year, the overall psychopathological and functional status of the ARMS sample had significantly improved, despite 2 out of the 15 subjects having developed a full-blown psychosis. Thus, between presentation and follow up, the CAARMS (perceptual disorder and thought disorder subscales) and PANSS general scores decreased, while the GAF score increased (P < .05). However, the changes in the CAARMS speech disorder subscale and in the PANSS positive, negative, and general subscales were not significant (P > .05) (table 1). When the 2 subjects who made transition to psychosis were excluded, a significant longitudinal improvement was observed in some additional psychopathological domains (PANSS positive, negative, general and CAARMS speech disorders). During the follow-up period, all ARMS subjects received case management (which included psychoeducation, crisis intervention, family counseling, and assistance with education or work-related difficulties, according to need) and cognitive behavioral therapy; in addition, 7 of them gave their consent to psychopharmacological treatment with low dosages of antipsychotics (quetiapine, dosage range = 25-150mg/d, mean dosage = 100 mg/d).
Performance Both groups performed the task with a high degree of accuracy. During the easy condition of the verbal fluency task, there was no significant difference in the number of incorrect responses between ARMS subjects (mean = 6.09, SD = 4.03) (mean = 82.21%) and controls (mean = 4.92, SD = 6.41) (84.39%) (P > .05). During the hard condition of the verbal fluency task, there was no significant difference in the number of incorrect responses between ARMS subjects (mean = 18.09, SD = 11.01) and controls (mean = 10.35, SD = 11.37) (P > .05). Within the ARMS, verbal fluency performance was correlated with the PANSS scores (R = 0.637, P = .014). However, the correlations were not reliable as they were significantly influenced by one outlier (as detected with the Cook d test). No interactions between group and cognitive load were observed (P > .05). At the follow-up, no significant changes in the verbal fluency performance during the easy and hard condition of the verbal fluency task were found (P > .05).
fMRI Results
Cross-sectional Results. Main Effect of Task (Independent of Group) At baseline, verbal fluency (ARMS þ controls), relative to word repetition, was associated with activation in a network of areas that included the inferior frontal gyri, the right superior frontal gyrus, and the left middle frontal gyrus (P < .05 FWE) ( figure 1, table 2 ). Main Effect of Cognitive Load (Independent of Group) At baseline, the main effect for cognitive load (ARMS þ controls) was nonsignificant (P > .05): there was no difference between activation during the more demanding (hard) condition of verbal fluency than during the less demanding easy condition. No interactions between cognitive loads and groups were detected (P > .05).
Group Differences in Activation When performing the verbal fluency task, the healthy volunteers showed greater activation than the ARMS subjects in the anterior cingulate gyrus bilaterally (x = À2, y = 40, z = 6; x = 18, y = 38, z = À8) (P < .05 FWE) (figure 2). Conversely, ARMS subjects showed greater activation than controls in the left inferior frontal gyrus (x = À52, y = 26, z = 0) (P < .05 FWE) (figure 2).
Longitudinal Data. Changes in Activation Over Time The ARMS group showed greater activation in the left inferior frontal gyrus (x = À32, y = 26, z = 2) at baseline than follow-up (P < .05 FWE) (figure 3). Conversely, there were no brain regions that showed more activation at follow-up as compared with baseline. When data from the ARMS group at follow-up were compared with data from the control group at baseline, no statistical significant differences in brain activation were observed (P > .05). Psychopathological Correlations Within the ARMS group, the longitudinal change in the BOLD response in the left inferior frontal gyrus was positively correlated with the change in the severity of perceptual disorders (as assessed using the CAARMS; n = 15; r = 0.833; F = 27, 290; P < .001; adjusted R 2 = 0.669) (figure 4). This correlation survived the elimination of potential outliers using Cook d test (n = 12, r = 0.783, P = .03). Post hoc analyses revealed that 2 subjects did not show any clinical improvement over time as they made transition to psychosis (figure 4, top right). For these 2 subjects, the change (follow-up-baseline) in activation of the left inferior frontal gyrus was above the 90th percentiles. There were no significant correlations between the longitudinal change in left inferior frontal activation and changes between presentation and follow scores on the GAF, PANSS (negative, positive, general, total), or other aspects of the CAARMS (speech disorders, disorder of thought content) (P > .05).
Effects of Medication At baseline, no significant differences in brain activation during the verbal fluency task were detected between ARMS subjects treated with antipsychotics and drug-naive ARMS subjects (P > .05). Similarly, no cluster survived correction for multiple comparisons in the longitudinal analysis comparing treated and untreated ARMS subjects (P > .05).
Discussion
The present study used fMRI in a longitudinal design to explore the dynamic changes of prefrontal activity subserving executive functioning during the prodromal phases of psychosis. Subjects with an ARMS were scanned while they performed a verbal fluency task when they first presented to clinical services and after an interval of 1 year. The study uncovered a direct relationship between the neurofunctional response in the prefrontal cortex of ARMS subjects and their clinical improvement over time.
Task performance did not differ between ARMS and matched controls, and no interaction between group and cognitive load was detected at any time points. As the present study was tailored to detect differences at a neurophysiological level, it may have been underpowered to detect differences at behavioral level. In fact, neuropsychological studies in larger samples indicated that the ARMS is associated with cognitive impairments that are qualitatively similar to, but less severe than those seen in schizophrenia, with consistent evidence of deficits on tasks that engage executive functions. 9, 26 The impairment in verbal fluency performance is particularly marked, with performance about 1 SD below the normative level. 7 For these reasons, verbal fluency paradigms have been widely used as a probe to test cognitive functions subserved by the prefrontal cortex during the early phases of psychosis. 6 Verbal fluency tasks can assess the intrinsic generation of a verbal response, suppression of inappropriate responses, and the holding of information about previous responses online. 27 The verbal fluency task used in the scanner was paced to facilitate image acquisition and minimize performance differences between subjects, which can confound the interpretation of differential activation in functional imaging studies. 28 This was reflected in the high response accuracy, which was near ceiling in both groups, and probably accounted for the absence of the behavioral differences between the ARMS and control groups that we previously observed when we used an unpaced verbal fluency paradigm as is typically employed in neuropsychological studies. 29 In line with these considerations, speed of information processing is considered a core cognitive deficit in schizophrenia and might be mediating a broader diversity of executive functions. 30 Baseline scans confirmed that the verbal fluency task selectively engages a prefrontal network that includes a number of ventrolateral prefrontal areas, in line with previous findings (for a meta-analysis see Costafreda et al 31 ). Furthermore, this network was found to be highly left lateralized, as previously observed. 31 In particular, the inferior frontal gyrus on the left side of the brain has been linked to word production, selection, and retrieval and is robustly activated by verbal fluency paradigms. 31 Although ARMS subjects and controls shared similar accuracy rates, their neurofunctional response during the task was significantly different. At baseline, ARMS subjects showed a reduced brain response in the anterior cingulate and an increased response in the inferior frontal gyrus as compared with the healthy controls. A number of studies reported reduced activation of the anterior cingulate gyrus in first-episode psychosis during verbal fluency, 32 executive control task, 33 and manipulation phase of working memory. 34 The anterior cingulate cortex has been implicated in schizophrenia by several lines of evidence: postmortem neuropathology, 35 structural MRI, 36 positron emission tomography studies, 37 increased glutamatergic metabolites on 1 H magnetic resonance spectroscopy (MRS), 38 and deficits in membrane phospholipids on 31 P MRS 39 in this region. The anterior cingulate cortex has extensive anatomical connections to the prefrontalcortex, motorareas, and thalamus and a presumed role in initiation of action, selective attention, selection, and monitoring of conflicting responses and error detection. 40, 41 As the verbal fluency task entails all these cognitive processes, the observed abnormalities in the anterior cingulate may represent the neurophysiological basis of the reported executive dysfunctions in the ARMS group. There was also a significant group difference in ventrolateral prefrontal cortex, but in this region ARMS subject showed greater activation that controls. Previous studies in first episode 32, 42, 43 or high-risk samples 27 found both reduced and increased activation in this area during similar verbal fluency tasks relative to a baseline scan. Discrepant findings in the literature might be simply due to differences in experimental design, technical differences of fMRI data acquisition, demographic characteristics, generalized cognitive impairment, and functional heterogeneity in subjects at risk for schizophrenia or to other cofounders such as different exposure to medication, head motion, and lack of diagnostic reassessment during the follow-up. 6 Nevertheless, taken together these studies suggest that prefrontal functional alteration is evident prior to or early in the onset of the first episode of illness and even in subjects who are at high risk but will never become psychotic. In particular, the increased activation in the left inferior frontal gyrus may serve to compensate for the anterior cingulate neural dysfunction and maintain the performance on the verbal fluency test within the normative range, even if the overall network architecture is inefficient. 44 Such an interpretation is in line with the hypothesis that the recruitment of ventrolateral compensatory networks among schizophrenics represents a compensatory response to a reduced activity of the dorsolateral prefrontal cortex. 44 Moreover, the findingof functionalabnormalities in ventrolateral and anterior cingulate cortex in high-risk subjects is consistent with data from structural MRI studies of the early phases of psychosis, which generally report reduced gray matter volume in these regions. 12 As the ARMS group had a high risk of developing a psychotic disorder but were not psychotic at the time of the baseline scanning, these dysfunctional abnormalities underlying executive functioning can be seen as a correlate of their increased vulnerability to psychosis. 6 ARMS subjects were followed for 1 year at which point they underwent a second clinical assessment and fMRI scan. Overall, the ARMS group showed a significant improvement in functional and clinical outcome measures (GAF, PANSS general scores, and CAARMS perceptual and thought disorders). When the neurophysiological response of the ARMS group at this time point was compared with that observed at the baseline, we found relatively decreased activation in the left inferior frontal gyrus. It is possible that the normalization of the abnormal neural response in the ventrolateral prefrontal cortex is associated with the clinical improvement of the overall sample. In line with this assumption, we found no difference in brain activation between ARMS at follow-up and controls at baseline, suggesting a normalization of prefrontal functioning over time. As the 12-month period makes unlikely any practice effect, these initial results are suggestive of dynamic neurofunctional changes that would be consistent with clinical changes manifest in these patients. To test the relationship between dynamic brain changes and symptomatic and functional outcomes (PANSS and CAARMS), we extracted the parameter estimates from left inferior frontal gyrus cluster and correlated them with these clinical measures. The changes in the activation of inferior frontal gyrus were positively correlated with the changes in the perceptual disorder subscale of the CAARMS. As the neural response decreased, ARMS subjects showed lower perceptual abnormalities and vice versa. The correlation between the normalization of inferior frontal activation in the ARMS group and the improvement in perceptual symptoms is interesting, as increased inferior frontal activity has previously been associated with the presence of auditory hallucinations. 45, 46 Changes in prefrontal activity are evident when psychotic symptoms are induced in healthy subjects by ketamine, [47] [48] [49] while auditory verbal hallucinations seem to activate predominantly the right inferior frontal cortex. 50 Furthermore, ARMS who later developed schizophrenia had a smaller gray matter volume in a region including the inferior frontal gyrus. 51 These differences were located in similar parts of the right inferior frontal cortex to those identified by Pantelis et al. 12 The involvement of this region in mediating perceptual symptoms may thus have contributed to its response being most altered when subjects were most symptomatic.
Although the clinical status of the ARMS group overall improved, 2 subjects developed psychosis. When these subjects were removed from the analysis, the clinical improvement of the ARMS sample was even more marked, and this was evident in additional improvements in specific outcome measures (PANSS positive, negative, and total and CAARMS speech disorders). Interestingly, in the subjects who became psychotic, the normalization of prefrontal hyperactivation that was a feature of the rest of the group was not evident (figure 4), suggesting that the onset of psychosis may be associated with the persistence of the original perturbation in prefrontal function. This is consistent with the above theories of inefficient executive functioning in psychosis and with structural MRI findings of reduced gray matter volume in PFC in the ARMS. 51 Specifically, ARMS subjects who later developed a psychotic episode had gray matter abnormalities in the inferior frontal gyrus, as compared with the ones who did not transit to psychosis. 51 This brain region may thus play a crucial role in the development of psychosis transition. Unluckily, our small sample size prevented any longitudinal comparison of ARMS subjects who made transition vs the ones who remained in an ''at-risk state.'' Future works await replication with larger cohorts. A limitation of the current study was the lack of follow-up scans in the control group to control for nonspecific time or effects. However, fMRI activation during sentence completion and 52 word generation tasks 53 appears to be consistent over time in controls and genetic high-risk subjects who are clinically stable. In line with these observations, the previous longitudinal imaging studies in subjects at clinical risk for psychosis did not repeat the control scan at follow-up, assuming influent brain changes in such group. 12, 13 Other limitations of the present study include exposure to low dosages of quetiapine for about half of the ARMS subjects. Although the contrast between treated and untreated ARMS subjects did not uncover significant effects of medication on brain activity, this may be simply due to small sample sizes. Available evidence indicates that antipsychotics can affect the neurofunctional response during cognitive functioning in first-episode psychosis. 42, 54 As a consequence, the attenuation of prefrontal activity over time in the high-risk group may have been confounded by antipsychotic-induced changes rather than reflecting true pathophysiological changes.
Taken together, our findings provide evidence that active neurofunctional changes occur in patients at risk for psychosis and that brain changes concur with symptomatic improvement. As during the follow-up, our subjects received the standard active interventions offered by the prodromal service for people at risk for psychosis, 55 whether the longitudinal neurofunctional changes in prodromal psychosis are caused by the disease itself or are a consequence of the active treatment still remains unanswered. On the other hand, our results emphasize the importance of early interventions in the treatment of schizophrenia, suggesting that the observed neurophysiological abnormalities are something that could perhaps be modulated by active interventions before the psychosis onset. As ventrolateral prefrontal cortex has been reported to be sensitive to antipsychotic treatment in first-episode psychosis, 42 the question of the functional significance of dynamic ventrolateral changes in the prodromal phases of psychosis may have some potential clinical implications. 56, 57 Although longitudinal randomized controlled fMRI trials in the prodromal population are extremely complex, they will clarify the respective contribution of disease progression and clinical interventions in the prodromal phases preceding the illness onset.
Conclusion
The prodromal phase of psychosis is associated with abnormalities in the ventrolateral prefrontal cortex during executive functioning. The normalization of the neural response was correlated with psychopathological improvement at 1 year.
